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The @axe Basal t ,  a high-alumina pahoehoe flow containing numerous 
lava tiabes , or iginated a t  t h e  southwest f lank of Mount S t .  Helens, south- 
western Washington, and flowed down a stream, val ley  incised i n  o lder  pyro- 
elastic flow deposits .  I n  s i t u  charcoal samples from two l o c a l i t i e s  
w i t h i n  lava tubes y i e l d  c14 dates of 1860 * 250 years B.P. and 1925 * 95 
years B,P, Detailed survey of 9125 m of lava  tubes,  corre la ted with sur- 
face geologic mapping, y ie lds  several  geomorphic re la t ionships  of ba sa l t  
f l o w s .  Most of t he  l ava  tubes apparently formed between shear planes i n  
ianiaar lava flow, although some tube sect ions  show evidence t h a t  t he  tube 
roof  farmed by accret ion of spa t t e red  lava  i n  turbulent  flow. P a r t i a l  
collapse of  tube i n t e r i o r s  reveals  : 1) the  wal l  separa t ing the  tube 
interior from the  preflow country rock may be th inner  than 25 cm, 2 )  lava  
flows em erode the  surface over which they flow, 3) collapse of t he  Lube 
i n t e r i o r  can occur immediately a f t e r  the  tube has been drained of molten 
lava and before the  walls  cool completely, 4) l ava  tubes may represent  t he  
thickest pa r t  of the  l ava  flow, occupying topographic lows (stream channels) 
and. 5) -cubes can be modified extensively through accret ion and erosion by 
l a t e r  Z w a  flows. 
May surface features  of ba sa l t  flows a r e  d i r ec t l y  r e l a t ed  t o  lava  
tubes,  Pressure within the  closed lava  tube system caused by outgassing 
and hy.dt.osLatie pressure and overflow of l ava  from ruptured roof sections 
(or from channel overflow p r i o r  t o  roof formation) r e s u l t  i n  formation of 
a topsgraphic high along many sect ions  of the  l ava  tube axis .  Unequal 
p r e s swe  and temporary ponding of the  lava  flow can deform the  roof i n t o  
s ~ f e ~ c e  domes 40 t o  50 m i n  diameter. Most of the  domes of t he  Cave 
Page 3 
Greeley & By-de 
Basalt collapsed, probably as a r e s u l t  of withdrawal of supporting lava 
during drainage of the  lava tubes. Raised-rim c ra te r s  found i n  many 
par t s  of t he  flow are  associated with lava tubes and were probably 
formed by collapse of domes. 
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IXTRODUCTION 
Results from returned Apollo lunar  samples showing b a s a l t i c  composi- 
t i on  for niaria surfaces have prompted i n t e r e s t  i n  volcanic landforms as 
analogs t o  lunar and planetary surface features .  Volcanic geomorphology 
has been L i t t l e  s tudied recent ly ,  pa r t i cu l a r l y  i n  r e l a t i on  t o  basa l t  flow 
surface features .  The existence of lunar lava tubes and channels has 
previously been proposed ( ~ u i ~ e r  e t  aZ., 1966; Oberbeck et aZ., 1969; 
Greeley, 1.970, 1971a). The application of analogs t o  planetary struc- 
*es requires a thorough understanding of the  t e r r e s t r i a l  counterpart.  
As part  of an invest igat ion of t e r r e s t r i a l  lava tubes and channels, t h e  
tubes of the  Cave Basalt (named here)  a t  Mount S t .  Helens i n  southwest 
Wasl.rin@on. (~ig. 1) were studied i n  d e t a i l .  Their excellent  preservation 
makes these  tubes pa r t i cu l a r l y  wel l  su i t ed  fo r  study because they show 
f e a t u e s  t h a t  are  l e s s  wel l  exposed i n  lava tubes of other areas .  Unlike 
many basa l t  flows containing lava tubes,  the  margins of the  Cave Basalt 
are  fairly well  defined and cer ta in  re la t ionships  of t he  tubes t o  the  
c o n f i p s t i o n  of the  flow and surface features  can be determined. 
E r q t i v e  History and Previous Work 
Although Mount S t .  Helens has not erupted during t h i s  century, it 
5 s  been act ive  within h i s t o r i c  time ( f o r  a review of h i s t o r i c  eruptions 
see J i l l s o n ,  19178; Erdmann and Warren, 1938; Hohes ,  1955; and Folsom, 
1.970 ) . Published ey-ewitness accounts indicate  t h a t  t he  volcano was 
i n t c ~ t t e n t l y  act ive  between the  mid-1830's and t he  mid-1850's. Vol- 
canic ash was erupted i n  November, 1842, and f e l l  at  l e a s t  105 km t o  t he  
swtaZ;hasst, and lava may have been erupted on the  south s ide  of t he  vol- 
C ~ B  i n  1844. An eruption of pumice i n  about 1800 and an eruption of 
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lava on the  northwest f lank of the  volcano sometime between 1800 and t he  
1830's (~awrence , 1938, 1939, 1941) evidently were not observed by early 
explorers or  s e t t l e r s .  Recent geologic s tudies  ( ~ u l l i n e a u x ,  1964; Nydel 
1970; Hopson, 1971) indicate  t h a t  the  present may simply be the  most 
recent quiescent i n t e rva l  between recurring episodes of volcanic ac-ti.viQ~. 
The l a s t  few hundred years have witnessed frequent v iolent  volcanism 
accompanied by dome formation, hot pyroclas t ic  flows, l ahars ,  pumice 
eruptions,  and lava flows. 
Previous geologic s tudies  of the  Cave Basalt have been l imi ted tc 
br ie f  observations made by Verhoogen (1937) and by e a r l i e r  workers who 
noted t r e e  wells and lava tubes i n  the  pahoehoe basa l t  ( ~ i b b s ,  1854; 
E l l i o t t ,  1897; D i l l e r  , 1899 ; J i l l s o n ,  1917b, 1921; Williams, 1922) , 
Erdmann and Warren (1938) examined several  dam s i t e s  i n  t he  v i c in i t y  of 
t he  volcano and drew a t ten t ion  t o  possible volcanic hazards. Lawrence 
(1938, 1939, 1941, 1954) and Carithers (1946) described recent pyro- 
c l a s t i c  deposits on t he  north s ide  of the  volcano. Mullineaux arid 
Grandell (1962) , Mullineaux ( 1964) , Hyde (1970 ) , and Hopson (1971) l - ~ ~ e  
discussed various geologic aspects of the  volcanic deposits .  
The lava tubes i n  the  Cave Basalt were apparently unrecognized by 
e a r l i e r  observers. The f i r s t  published account of the  tubes i s  an 
a r t i c l e  i n  Mazama (Anon., 1903) . Forsyth (1910) described a lava tube 
(o le ' s  cave) and a t t r i bu t ed  i t s  discovery i n  1895 t o  an ea r ly  s e t t l e r ,  
Glie Peterson.. However, t h e  other major lava tubes remained undis-- 
covered u n t i l  t he  195OVs, Ha l l i dw  (1963a, 1963b) presented a deta i led 
description of t he  known tubes and Pryde (1968) discussed the  tubes i n  
a popular a r t i c l e .  The only geological descriptions of t he  tubes aye 
by Greeley and Hyde (1970) and Hyde and Greeley (1971). 
Page 6 
Greeley & Hyde 
Method of Study 
Prior t o  f i e l d  work, photogeologic maps were made of the  flow showing 
the  locations of lava  tube entrances,  surface fea tu res ,  and apparent flow 
contacts ,  I n  the  f i e l d ,  contacts were checked and corrected,  and addi- 
t ioaab silirace features  were noted. Following methods described e lse-  
where ( ~ r e e l e y ,  1971c), t he  lava  tubes were surveyed i n  d e t a i l  and, where 
possible, surface features  were r e l a t ed  t o  t he  tubes.  Rock samples f o r  
analysis  were se lec ted  from surface exposures and from within t he  tube 
( ~ i g ,  2), 
P3IEA.L GEOLOGY 
E i e  oldes t  rocks i n  the  map area  ( ~ i ~ .  2)  consis t  of a s e r i e s  of 
altered Tert iary  volcanic and volcanic-elast ic  rocks t h a t  have been 
intraded by small bodies of andesi t e  , rhyodacite porphyry, and hypabyss a1 
rocks.  These rocks have been s tudied only i n  t h e  v i c i n i t y  of Mer r i l l  
L a k e  ( ~ y d e ,  1970) where most of t h e  rocks a r e  tuff -breccia ,  sandstone, 
and mudstone, each composed predominantly of rocks and minerals of vol- 
canic  o r ig in .  Tuff-breccia i s  predominant, Minerals i n  both matrix 
and fragments are  mostly a l t e r ed  t o  ch lo r i t e ,  carbonate minerals, and 
c a y  Although t h e  ages of t he  rocks a re  unknown, cor re la t ion  with 
sinilar rocks i n  other pa r t s  of t he  Cascade Range suggests t h a t  t he  
rocks s tudied here a re  l a t e  Oligocene ( ~ o ~ s o n ,  1971, personal comun . ) . 
Marble Nowntain, about 10 km southeast  of Mount S t ,  Helens, consis ts  
mostly of nearly uniform o l iv ine  ba sa l t  flows. The ba sa l t  flows typi-  
cally are 1 t o  3 m th ick  and consis t  of l ayers  of cl inkery s co r i a  
alternating with light-gray t o  dask-gray ba sa l t .  The ba sa l t  i s  massive 
to platy and dense t o  phorphyri t ic  with l a rge  l a t h s  of p lagioclase  and 
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c rys ta l s  of o l iv ine .  One sample was se lected fo r  chemical analysis  
(sample 6 ,  Table 2 ) ;  it i s  e a s i l y  distinguished from other basa l t s  on a 
p lo t  of t o t a l  a l ka l i s  and s i l i c a  ( ~ i g .  3) .  
The Cave Basalt here named and defined fo r  exposures near Ape Cave 
i s  a pahoehoe basa l t  flow t h a t  originated a t  t he  southwest flank of Mouir-t 
S t .  Helens - i t s  type l o c a l i t y  - and flawed south about 11 km down a 
stream val ley cut i n t o  pyroclas t ic  flow deposits of l a t e  Quaternary age, 
The upper pa r t  of the  lava flow ( ~ i ~ s .  2 ,  4 )  i s  covered by younger lava 
and pyroclas t ic  flows, and i s  poorly exposed. The Cave Basalt may be 
present as high as 1465 m elevation on the  volcano and can be traced to 
the  Lewis River val ley where it terminates on t he  north bank of t he  r ive r ,  
The basa l t  i s  l i g h t  gray t o  dark gray, ves icular  t o  massive, and generally 
d ik ty t ax i t i c  . It contains phenocrysts of o l iv ine  and plagioclase.  The 
vesic les  a re  spher ical  i n  contrast  t o  the  more i r regu la r  shaped vesic les  
of the  aa b a s a l t ,  range i n  s i z e  from about 0.5 t o  8 cm, and make up 1 t o  
20 percent of the  rock. The three  chemical analyses (samples 1, 2 ,  3; 
Table 2 )  a re  remarkably uniform and a l l  f a l l  within t he  high-alumina 
ba sa l t  f i e l d  of Kuno (1968). The basa l t  flow surface i s  generally hum- 
mocky or  f l a t  over broad areas and i s  commonly broken i n t o  large  t i l t e d  
s labs .  Common surface features  include ropy o r  corded tex tures ,  pres- 
sure  r idges and b l i s t e r s  t h a t  a re  often cracked or  collapsed, and large  
domes and c ra te r s .  Ver t ical  and hor izontal  t r e e  molds a r e  common near 
the  margins of the  flow and are  par t i cu la r ly  wel l  displayed near the  
entrance t o  Lake Cave. 
Excellent exposures on the  b lu f f s  overlooking t he  Lewis River val ley 
and i n  segments of t he  lava tubes ind ica te  t h a t  the  ba sa l t  flow f i l l e d  
a stream channel incised i n  a r e l a t i ve ly  f la t - f loored val ley.  A t  
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station 34 (Fig.  5 )  i n  Lake Cave, breakdown of t h e  ea s t  w a l l  of t he  lava 
tube reveals the  edge of t he  stream channel about 3 m above t he  Lube f loor .  
Erosion by running water a t  the  base of t h e  lava flow makes it possible t o  
crawl  about 30 m under t h e  r e l a t i ve ly  f l a t  f l oo r  of the  lava flow where 
the undersides of t r e e  molds a re  exposed. The basa l t  flow was temporarily 
ponded on t he  b luf f s  overlooking Lewis River; apparently a dam was created 
i n  the  r e l a t i ve ly  narrow channel incised i n  the  pyroclas t ic  flow deposits .  
Cra"cers as la rge  as 50 m i n  diameter i n  t he  ponded lava were created by 
collapse of b l i s t e r s  t h a t  apparently were i n f l a t ed  by hydrosta t ic  pressure 
i-esdting from lava i n  t he  tubes,  as discussed below. The age of t he  basa l t  
flow i s  probably close t o  1900 years B.P. Charcoal from roots at t he  base 
of a t r e e  mold exposed i n  t h e  s i de  passage at s t a t i o n  34 i n  Lake Cave was 
dated as 1860 * 250 years B.P. (w-2270). Charcoal s imi la r ly  exposed a t  
" c h e  base of the  lava flow i n  Ape Cave was dated as 1925 * 95 years B.P. 
( ~ ~ ~ 6 7 3 ) .  We found no evidence fo r  intervening periods of surface exposure 
and weathering; the  flow was evidently extruded over a shor t  time i n t e rva l  
and, may have acted as a s ing le  cooling un i t .  
A ba sa l t  flow exposed i n  the  Kalama River val ley and i n  t h e  v i c in i t y  
sf Merrill Lake (Fig. 2 )  has the  same charac te r i s t i cs  ( ~ y d e ,  1970) as 
the Cave Basalt and probably was extruded a t  the  same time. The two flows 
are sepmated by a covered i n t e r v a l  about $ k m  wide; however, lava of t h e  
Cave Basalt i s  present a t  t h e  drainage divide and i n  t h e  upper par t  of 
the K E L ~ = ~  River drainage basin ,  so  t h e  two flows may be connected. One 
s m l e  of basa l t  col lected from the  Kalama val ley (sample 3, Table 2 )  i s  
che~cally very s imi la r  t o  samples of Cave Basalt .  
Rocks mapped as  undivided lava of Mount S t .  Helens include ba sa l t s ,  
andesites, and daci tes  t h a t  crop out i n  t he  Swift Creek and Kalama River 
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val leys .  A block lava flow a t  the  head of t he  Kalama River consists  a t  
the  surface mostly of r e l a t i ve ly  smooth polyhedral blocks ranging i n  s i z e  
from 0.3 m t o  2 m on a s ide .  The rocks have a dark glassy l u s t e r ,  often 
show conchoidal f rac ture  pa t te rns ,  and are aphanit ic.  The i n t e r i o r  of the  
flow i s  wel l  exposed i n  a roadcut on t h e  south edge of the  flow where 
only brecciated mater ia l  i s  v i s i b l e .  The flow has abrupt margins m d  i s  
about 10 m th ick.  The block flow has a d i s t i nc t i ve  chemical composition 
(sample 4 ,  Table 2; Fig. 3 )  but i t s  age r e l a t i on  t o  t he  Cave Basalt 2 s  
not c lear .  F ie ld  re la t ions  suggest it may be younger. 
Aa lava comprises the  eastern lobes of t he  undivided lavas of Mount 
St .  Helens except f o r  andesite belonging t o  an ancest ra l  S t .  Helens 
sequence, j u s t  e a s t  of Swift Creek ( ~ o ~ s o n ,  1970; personal commun, 1 .  
aa flows a re  characterized by jagged, clinkery surfaces with individual  
fragments as large  as 1 m. The rocks consis t  of t h i n  flows of dark-gray 
ba sa l t  a l t e rna t ing  with t h i n  layers of scor ia .  The ba sa l t  typ ica l ly  is 
vesicular  and has phenocrysts of plagioclase and ol iv ine .  The aa flow 
c lea r ly  over l ies  t he  Cave Basalt and a t  one l o c a l i t y  over l ies  a p;lrrociastic 
deposit containing charcoal a t  i t s  base t h a t  has a radiocarbon age o f  
1740 * 250 years ( ~ 2 5 2 7 ) .  Pyroclast ic l ayer  W, erupted from Mount St, 
Helens about 450 years ago r rande ell, 1969) , l i e s  on t he  surface of the  
flow. 
Extensive deposits of volcanic ash, pyroclas t ic  flows, and lrahars 
( ~ u l l i n e a u x  and Crandell , 1962; Hyde , 1970 ; Hopson, 1971) resu l t ing  
from explosive eruptions a re  present i n  the  map a rea ,  but  discussion of 
these  deposits i s  beyond the  scope of t h i s  paper. 
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LAVA TUBES 
Lmra Tube Locations 
Figures 2 and 6 show the  locat ion of t he  lava tubes within t he  Cave 
Basalt; Table 1 l i s t s  t h e i r  geographic coordinates and physical  charac- 
t e l - i s t i i s .  The pr inc ipa l  lava tube system i n  the  flow i s  t he  Mount S t .  
Helens system ( ~ a l l i d a ~ ,  1963, p. 97) which exceeds 8333 m i n  length and 
i s  composed of L i t t l e  Red River Cave, Ape Cave, Lake Cave, and Ole 's  Cave. 
Although the  system begins i n  t he  constr ic ted northern p a r t  of t h e  flow, 
it probably originated upslope, above L i t t l e  Red River Cave. The system 
trends southward along t he  ea s t  flow margin and apparently terminates i n  
collapse c ra te r s  e a s t  of Green Mountain kipuka. Ape Cave, with a passage 
length sf 3400 m, i s  t he  longest known continuous lava  tube segment; how- 
ever ,  longer, discontinuous tubes are  known i n  many areas. Hopeless 
Cave, several  dozen meters north and s l i g h t l y  west of t he  main entrance 
to Ape Ca,ve, may have drained i n t o  Ape Cave i n  the  l a t e  s tage ( ~ a l l i d a ~ ,  
pel-soaal commun. ). A group of small lava tubes i n  t h e  northern pa r t  of 
t h e  Plow ( ~ r e m l i n  Cave, Spider Cave, Flow Cave, and L i t t l e  People Cave, 
F i g s ,  7 ,  8)  may be r e l a t ed  t o  t he  Mount S t .  Helens system. Spider Cave 
Flow Cave a l ign  with t he  general t r end  of L i t t l e  Red River Cave m d ,  
as discussed below, may have fed lava t o  t he  main system during t he  f i n a l  
er11pci.v-e stages of t he  Cave Basalt .  
Three lava  tube segments a re  west of Green Mountain: Dollar and 
D i m e  Cave, Prince Albert Cave, and Bat Cave ( ~ i ~ s .  9 ,  10) .  Although 
these t ~ ~ b e s  were not examined, discussions with l o c a l  spelunkers (c. V .  
Larson, personal eomun. ) and analyses of diagrams and photographs l ead  
us "GO believe t ha t  these  tubes are  pa r t  of a system extending along t he  
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eastern contact of t he  flow with Green Mountain. These are  the  only 
tubes known west of t h e  kipuka. 
Power Line Cave, Beaver Cave, and Barney's Cave ( ~ i ~ s .  11, 12)  are 
lava tubes apparently not associated with any par t i cu la r  system. A col- 
lapse  p i t ,  a shor t  lava tube segment, and several  small tubes ( ~ a l l i d a y ,  
personal commun.) i n  the  northern pa r t  of the  flow a l so  seem unrelated 
t o  any system. 
Formation of Lava Tubes 
Lava tube formation i s  apparently controlled primarily by lava Slow 
v iscos i ty ,  which i n  t u rn  i s  r e l a t ed  t o  the  chemistry, dissolved gasses, 
temperature, and flow veloci ty  of t he  lava.  Lava tubes occur only Pn 
pahoehoe, the  f l u i d  var ie ty  of ba sa l t .  A t  l e a s t  two modes of tube Sarma- 
t i o n  are  displayed i n  the  Cave Basalt and both may occur within a s i n g l e  
tube i n  d i f fe ren t  l o c a l i t i e s .  The f i r s t  mode of formation i s  by con- 
s t ruc t i ona l  accretion of t h e  lava tube roof.  Observations of act ive  lava 
tube formation i n  Hawaii ( ~ r e e l e y ,  1971b) show t h a t  rapidly  flowing lava 
on s teep  slopes i s  turbulent  and follows narrow channels, Splashing and 
spa t te r ing  lava  accretes along t he  channel edges t o  form arched levees 
t ha t  eventually merge over t he  channel, forming an arched roof.  The roof 
may remain a f t e r  drainage of molten lava a t  t h e  close of the  eruptive 
stage.  Par ts  of L i t t l e  Red River Cave probably developed by such acere- 
t i on .  Sta t ions  1 and 4 ( ~ i g .  5 )  mark very s teep  lava tube sections i n  
which p a r t i a l  roof collapse reveals agglutinated c lo t s  of lava pro-bab~y 
formed by accretion.  This s t ruc ture  contrasts  with t h e  more regular 
layered lava found on l e s s  s teep tube segments described below, 
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The second mode of formation occurs i n  low veloci ty ,  laminar lava 
f lcxrs such as those described by O l l i e r  and Brown (1965). Shear planes 
are believed t o  form within t h e  flow ( ~ i ~ .  13)  and as t he  main body of 
tke flow cools, ac t ive  flow i s  r e s t r i c t e d  t o  the  ho t t e s t  pa r t .  A t  t h i s  
stage the  exact posi t ion of t h e  tube is  not f ixed and t h e  primitive lava 
tlabe can s h i f t  about (i . e . , surges of lava from the  vent can cause the  
-tube to migrate from one par t  of the  flow t o  another) .  As t he  lava pro- 
gressively cools t he  tube becomes more firmly fixed; eventually t he  bulk 
of the flow s o l i d i f i e s ,  forming layered lava,  and t he  st i l l -molten mate- 
rial drai.ns from the  most act ive  par t  of the  flow and leaves a void or  
lava tube. 
Lava tubes seem t o  develop along t he  most rapidly  flowing par t  of 
t h e  ac t ive  lava flow. Figure 6 shows t h a t  tubes a r e  not necessari ly i n  
the  center of t he  flow; r a the r ,  they a re  common along t he  flow margins. 
Corif ig~ration of the  preflow surface probably controls t he  overa l l  t r end  
of lava  tubes. The Cave Basalt occupies a former stream val ley,  as 
reconstructed i n  Figure 14 .  From evidence discussed i n  the  next sec t ion ,  
we bel ieve par t s  of the  lava tube are  s i t ua t ed  i n  t he  former stream chan- 
ne l  o f  t h e  val ley.  As such, t he  configuration of t he  channel would ( t o  
sojx degree) determine the  shape and ground plan of t he  lava tube. In ter-  
action of molten lava with s t r e a a  water,  snow, o r  ground water may lead 
t o  phreu-bic explosions within the  lava flow. One a rea  of Ape Cave shows 
evidence ( ~ y d e  and Greeley, 1971) t h a t  a phreat ic  explosion ruptured t h e  
w a l l  of t he  tube and introduced steam charged with pa r t i c l e s  of country 
rock ( e l a y ) ,  which fused on t he  tube walls  ( ~ i ~ .  1 5 ) .  Although such 
events are  probably r a r e ,  they can s ign i f ican t ly  deform lava tubes.  
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As the  lava flow advances and spreads l a t e r a l l y ,  the  main lava tube 
supplies molten lava t o  t he  flow front  through a s e r i e s  of distri'butaqy 
feeder tubes. During drainage of the  main tubes,  feeder tubes are oi"ten 
plugged o r  only pa r t l y  drained. Occasionally, feeder tubes may branch 
from main tubes. Lava tubes may b i fu rca te  t o  form two d i s t i n c t  networks, 
o r ,  as with r i v e r  channels, may form cutoff branches (Fig. 9 ) .  
I n  the  l a t e r  stages of tube formation, probably during drainage, a 
l ayer  of lava i s  accreted along the  walls and ce i l ing  t o  form a Zi,vliny 
(Fig. 16).  Lava tube l in ings  range from l e s s  than 1 cm t o  more than I sn 
th ick and a re  generally somewhat more vesicular  than t h e  main body of' t h e  
lava flow. Vesiculari ty within the  l i n ing  may increase toward t he  tube ,  
possibly representing outgassing i n t o  the  tube.  
During or  a f t e r  drainage par t s  of t he  l i n ing  may develop a glassy 
surface.  Glaze t ha t  i s  deformed (Fig.  17)  must have been formed while 
the  l i n ing  was s t i l l  p l a s t i c  and subject  t o  movement. Formation of glaze 
i s  not wel l  understood; however, it appears t o  develop as a t h i n  co8 t ing  
over t h e  outer vesicular  zone of t he  l i n i n g  ( ~ r e e l e y ,  1.9691, possibly as 
a r e s u l t  of rapid  cooling by a i r  currents i n  the  lava tube. 
As l ava  drains from the  tube,  a temporary cessation of drainage csln 
r e s u l t  i n  hor izontal  flow l i n e s  along both walls .  Successive h a l t s  pro-- 
duce a s e r i e s  of flow l i ne s  (Fig. 18)  t h a t  can be t raced  and corre la ted 
fo r  hundreds of meters along t he  tube. Incomplete drainage of 1o.d-lying 
par t s  of t he  tube o r  deformation of the  lava tube roof may close tube 
passages with s t ruc tures  termed Zaua seals by Halliday (1963a, p ,  ~ 2 k ) .  
The upper ends of Ape Cave and L i t t l e  Red River Cave a r e  blocked with 
lava s ea l s  ( ~ i ~ .  5 ) .  
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R e l a ~ i o n  of Lava Tubes t o  Preflow Geology 
Many wal l  sections of t h e  Mount S t .  Helens l ava  tube system have 
collapsed t o  expose preflow country rock (Figs.  5 ,  19,  20). In  most 
e q o s u r e s ,  country rock deposits (pyroclas t ic  flows) are  baked a b r i l -  
l i a n t  red.  These exposures ( r a r e  i n  most o ther  areas)  provide a unique 
opportunity t o  study re la t ionships  of lava tubes and flow t o  preflow 
topography. For example, s t a t i o n  3 1 i n  Lake Cave shows t h a t  the re  may 
be no more than 2 cm separating the  lava tube i n t e r i o r  from the  outer  edge 
of t h e  Slow. Figures 2 and 5 show t h a t  many collapses of tube walls occur 
where the  tube i s  close t o  t h e  flow edge. Figure 1 4  shows composite cross 
sections of par t s  of t he  system. From the  exposures avai lable ,  we con- 
clude t h a t  pa r t s  of t h e  lava tube a r e  s i t ua t ed  i n  a pre-lava flow stream 
channel. This channel i s  about as deep and wide as t h e  present stream 
channel of Panamake Creek, a small stream a few miles west of t he  Cave 
B a a l %  but unaffected by Holocene volcanic eruptions. 
Seei;ions of tube along t he  presumed stream channel assume a skull-  
shaped cross sect ion;  undercutting by t he  flow may form asymmetric sec- 
t i ons ,  Sections i n  t he  middle of the  flow on gentle gradients appear t o  
spread l a t e r a l l y  t o  form hor izontal ly  oval  sect ions .  Tube configurations 
i n  meander bends a re  of ten asymmetric, forming "cut-banks" s imi la r  t o  
s t rew beds. Further evidence of erosion by lava i s  found i n  t h e  form 
GP l w g e  inclusions of country rock i n  t he  l ava  flow at s t a t i o n  15, Ape 
Cave. 
Exposures i n  L i t t l e  Red River Cave and Ape Cave ( ~ i g s .  5 ,  1 4 ~ ,  19, 
20) show country rock overhanging t he  lava tube. It i s  unlikely t h a t  
t h i s  was t he  o r ig ina l  configuration of t he  topography i n  an a rea  of eas i ly  
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eroded unconsolidated deposits ; these overhangs probably represent 
erosion by t he  lava flow. Sections of L i t t l e  Red River Cave, f o r  exmple , 
undercut par t s  of t he  eas tern ,  preflow h i l l s i d e  (Fig. 1 4 ) .  Thus, t o  some 
degree the  posi t ion of t he  tube i s  determined by t he  erosive capabi l i ty  
of t h e  lava flow. 
Subsequent Lava Flows 
Lava tubes often serve as conduits f o r  l a t e r  lava flows and subse- 
quently a re  usually a l t e red .  Alterat ion may be i n  the  form of f i l l i n g  o r  
p a r t i a l  f i l l i n g  t he  tube ( ~ i ~ .  21) ,  remelting t he  lava tube roof do form 
ve r t i c a l l y  elongate tubes,  reshaping or  eroding t he  tube wal l s ,  s tacking 
addi t ional  tube leve l s  above the  f i r s t  tube,  o r  any combination of these, 
Figure 1 4  shows several  tube sections t ha t  appear t o  have resul ted 
from subsequent flow a l t e r a t i on ,  I n  cross sec t ion ,  the  tube near the ma2n 
entrance of Ape Cave (Fig. 18)  apparently had two or  more lava surges o r  
flows t h a t  remelted t he  ex i s t ing  tube roof ( o r  occupied an open channel) t o  
form a ve r t i c a l l y  elongate cross sect ion.  Many other sections of the  Mount 
S t .  Helens lava tube system are  s imilar ly  a l t e red .  Unfortunately, correla- 
t i o n  of flow un i t s  over more than a few hundred meters i s  impossible because 
of i r r e g u l a r i t i e s  i n  tube shape, I n  some areas ,  remelting of t he  tube roof  
was incomplete and resu l ted  i n  d i s t i n c t  upper l e v e l  lava tubes. Flow pat- 
t e rn s  i n  t he  f loors  of upper l eve l s  ind ica te  t h a t  they drainea i n t o  the  
lower l e v e l  ( s t a t i on  10,  Ape cave) ; i n  places ,  t he  boundary between sepa- 
r a t e  tubes and fused tubes displays unusual lava s t ruc tures  (Fig. 221, 
In  some instances,  subsequent flows i n t e r s ec t  and merge with ex i s t ing  
lava tubes at some distance from the  vent ( ~ r e e l e ~ ,  197lb) ,  For exmple ,  
t he  western passage of Lake Cave ( ~ a l l i d a ~ ,  1963a, p. 93-96) appears t o  
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have been a small surface l ava  tube t h a t  drained i n t o  t he  main tube. A 
similar formation probably occurred a t  t he  upper end of L i t t l e  Red River 
Cave. The lava i s  d i s t i n c t l y  red i n  t he  upper l eve l ,  i n  contrast  t o  t he  
black l a ~ a  of the  lower l eve l ,  and matches i n  color and appearance t h e  
lava of Flow Cave, a few hundred meters upflow from L i t t l e  Red River Cave. 
Flow Cave i s  a smaller lava tube formed near t he  surface ,  s imi la r  t o  t he  
w e s t  branch of Lake Cave. We bel ieve Flow Cave drained i n t o  and eventually 
sea,led -the upper end of L i t t l e  Red River Cave. 
Drainage of subsequent lava flows from an older l ava  tube may r e s u l t  
i n  -the accretion of an addi t ional  l i n ing .  In  theory, it should be possible 
t o  deternine t he  number of flows t h a t  have occurred by counting t h e  number 
o f  l in ings  i n  a wal l  section.  However, t he  l in ings  of ten merge t o  form 
one lining, a re  remelted, o r  a r e  completely destroyed. 
S m a l l  subsequent flows a re  of ten found along t h e  f loors of lava tubes. 
These flows may be e i t h e r  pahoehoe o r  aa  and may display flow pa t te rns .  
A s  with t h e i r  l a rge r  counterparts ,  small flows may develop channels, 
levees 23) ,  o r  small lava tubes,  resu l t ing  i n  "tube-in-tube" struc- 
tures h g .  24). I n t e r i o r  flows may erode t he  walls  of t he  l a rge r  tube,  
tearing away pa r t s  of t he  l i n ing  and r a f t i n g  t he  blocks downtube. Blocks 
of :rafted mater ia l  a re  fused t o  t h e  f l oo r  flow i n  several  areas ( e . g , ,  
near the entrance t o  L i t t l e  Red River Cave). I n  some sect ions ,  l a rge  
c lo t s  of lava  a re  fused on t he  walls  (Figs . 25, 26).  
Lava 'Tube Deformation 
P l a s t i c  collapse o f t h e  wal l s ,  l i n ing ,  o r  roof commonly occurs during 
and i m e & a t e l y  following drainage of lava from a tube. Figure 5 ident i -  
f i e s  some examples of p l a s t i c  deformation. I n  these  areas (Figs. 16, 27) 
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the  l i n ing  t o r e  the  wal l  and s l i d  toward t he  f l oo r .  Molten 
lava behind t he  l i n ing  can flow through t he  rupture and dribble ins ide  
the  tube. Sta t ion 17 ( ~ ~ e  cave) marks an exposure of country rock i n  
which the  l i n ing  and wal l  collapsed, allowing country rock t o  slump i n t o  
t he  tube. Molten lava then dripped on t h e  country rock and cooled, form- 
ing small blobs of glassy ba sa l t .  Similar  occurrences are  found along 
sect ions  of Lake Cave. Several collapsed sections of the  l i n ing  of  t h e  
Mount S t .  Helens lava tube system expose brick-red lava cl inkers (auto-  
brecciated Zava) between the  l i n ing  and t he  massive basa l t  of t he  f b w ,  
D i f f e r en t i a l  movement of t he  l i n ing  and massive ba sa l t  may produce a shear 
zone along which t he  autobrecciated lava  forms. Brecciation may a l so  h a ~ e  
occurred by vesicula t ion i n t o  possible voids and low pressure areas 
between t he  l i n ing  and t h e  body of the  flow, s imilar  t o  t h e  process 
described by Parsons (1969) fo r  lava flows i n  general.  
The p l a s t i c  deformation and inward draping of layered lava toward 
t he  entrance t o  Ape Cave appears t o  have resu l ted  from roof collapse 
during or  immediately following drainage. Although r a r e  i n  the  lava 
tubes of t he  Cave Basal t ,  t h i s  type of roof collapse i s  f a i r l y  common i n  
other areas ( ~ r e e l e y ,  197%). Occasionally the  roof may sag s l i g h t l y  and 
f rac ture  along tens of meters of t h e  tube axis .  Although medial f r a c t w e s  
usually develop along t he  axis of the  sag they may a l so  form i n  tubes 
without roof sag. Other f rac tures  of ten develop i n  t he  l i n i n g  i n  addi- 
t i o n  t o  t he  medial fracture t o  form polygonal f rac ture  pat terns .  
Some pa r t s  of l ava  tubes seem t o  have been deformed by pressure on 
t he  upper, semiplast ic walls  and roof.  Hydrostatic pressure within the  
closed tube system and outgassing i n t o  the  tube i n t e r i o r  probably were 
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su f f i c i en t  t o  push ce i l ing  sections i n t o  bulbous chambers, o r  cupoZas 
( ~ i g ,  53, I n  so  e s ,  pressure was great  enough 
as described below. 
Lava tube collapse a f t e r  cooling begins with spa l l ing  e tube 
l i n i n g ,  'Ibis i s  followed by spa l l ing  and collapse of ba sa l t  blocks from 
the roof, eventually forming a small opening (termed a s k y l i g h t )  t o  t he  
surface. Some par t s  of lava tubes a re  marked by extensive roof collapse 
(no t  necessar i ly  breaking through t o  the  surface ,  however) which may 
block the i n t e r i o r  passage. Percolation of surface water i n t o  tubes and 
growth of vegetation i n  the  roof contribute t o  weathering and collapse 
of lava tubes. Small roots from surface vegetation a re  v i s i b l e  i n  Ape 
Cave. The flow of water through tubes of t h e  Cave Basalt i s  of ten 
voluminous, pa r t i cu l a r l y  during t he  spring runoff. L i t t l e  Red River Cave 
was 3med from a small red stream t h a t  runs down the  tube fo r  about two- 
thirds of i t s  length. Water s ta ined with red clay from the  baked country 
rock enters  t h e  tube i n  a s e r i e s  of springs near s t a t i o n  5. The stream 
flows all year and i s  apparently fed from surface water and ground water 
from the  Mount S t .  Helens snow melt. 
Seasonal streams flow i n  most of t he  other Cave Basalt lava Lubes. 
Smd and other de t r i t u s  a re  washed i n t o  t h e  tubes o r  eroded from country 
sack exposures and t ranspor ted by the  streams. A t  t he  tube ends ( ~ i t t l e  
Red River Cave, Lake cave) and i n  depressions along tubes,  stream water 
collects i n  s m a l l  ponds and deposits sediments. Changes i n  hydrologic 
conditions within t h e  tube can r e s u l t  i n  rejuvenation of t h e  stream, 
wi"r; sihbsequent d m - c u t t i n g  through t h e  deposits. Sections near s ta -  
tion 30 i n  Ape Cave show erodedte r races  with more than a meter of 
graded s i l t ,  sand, and gravel stream deposits .  
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Continued erosion and weathering leads t o  complete collapse of zhe 
tube roof t o  form a sinuous trench.  Because of t h e i r  young age and re la -  
t i v e l y  th ick  roofs ,  tubes i n  t h e  Cave Basalt have not ye t  progressed 
beyond the  skylight  s tage.  
Minor Features 
During f i n a l  drainage of molten lava from t h e  tube several  va r i e t i e s  
of lava cave formations may develop. Lava dripping from the  ce i l ing  can 
produce lava s t a l a c t i t e s  and stalagmites;  both s t ruc tures  can be tens o f  
centimeters long, although t h e  normal length seldom exceeds 8 or 9 cm, 
Excellent examples of s t a l a c t i t e s  and stalagmites a re  i n  t he  Cave Basali 
lava tubes (3'igs. 28, 29).  Figure 30 i l l u s t r a t e s  inc ip ien t  lava s t a l a g -  
mites t h a t  formed as t he  f l oo r  flow moved downslope, as indicated by t h e  
l i nea r  array of glassy blobs on the  flow surface.  Cessation of f l o w  pe:r- 
ipping lava  t o  accrete  i n  one place and t o  form the  sta. la@te, 
Deformation of p l a s t i c  semimolten lava tube l i n ing  can produce w a l l  
drapery along several  meters of tube wall .  Overhanging sheets of larva 
(E'ig. 31) ,  l e s s  than 1 or  2 cm th i ck ,  produce ribbon s ta lac t i tes  
( ~ a l l i d a y ,  1963a). Unusual s t a l a c t i t e s  i n  Flow Cave are  deformed down- 
tube i n  a '"cross-bedded" pa t t e rn ,  possibly deformed by s t rong a i r  or- gas 
currents flowing through t he  tube during the  l a t e r  stages of drainage, 
SURFACE FEATURES OF LAVA TUBES 
One objective of our study was t o  determine t h e  r e l a t i on  of lava 
tubes t o  t h e  surface topography of the  l ava  flow. Many surface f"eat=es 
on the  Cave Basalt can be corre la ted d i r ec t l y  with lava tubes. Lava 
tubes of ten form sub t le  r idges along t h e i r  axes ( ~ r e e l e y  , 1 9 7 1 ~ ) -  Fig- 
ure 1 4  i l l u s t r a t e s  cross sect ions  made transverse t o  t he  axes of Lake 
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Cave and Ape Cave showing t h e i r  topographic expression. On flows known 
to contain lava tubes,  r idges p a r a l l e l  t o  t he  di rect ion of flow may 
indicate subsurface tubes. 
Occasionally, pressure i s  adequate i n  an act ive  lava tube t o  rupture 
the  roof and s p i l l  lava  on t he  surface.  Sometimes a small horni to  may 
develop over the  roof.  Entrance 4 t o  Ole's Cave and t he  sect ion near 
si;a,tion. 32 of Lake Cave mark areas where small lava flows erupted from 
the t t i be ,  Many apparently anomalous aa flows found as sca t te red  patches 
i n  the  middle of pahoehoe probably flowed from lava tubes and represent 
subsequent lava  flows t ha t  used t he  tube as a conduit. 
In some ins tances ,  pressure within t he  tube was not su f f i c i en t  t o  
rupture t he  roof.  Instead,  t h e  roof was i n f l a t e d  t o  form a cupola. The 
surface expressions of cupolas a r e  of ten small domes. Sta t ion 19 ,  Ape 
@ w e ,  marks a cupola and corresponding surface dome. Most domes appar- 
ently collapsed almost immediately following t h e i r  formation, indicated 
by p l a s t i c  deformation of t h e  c rus t .  The resu l t ing  s t ruc tures  a re  
craters as la rge  as 50 m i n  diameter with ra i sed  rims. Figure 32 s 
the locat ion of c ra te r s  and domes i n  r e l a t i on  t o  pa r t  of Lake Cave. Two 
proroiaent collapse c ra te r s  ( ~ i g .  33) mark t he  end of Ole's Cave, We 
bel ieve these  c ra te r s  resu l ted  from temporary ponding of t h e  Cave Basalt 
before the  f l o w  s p i l l e d  i n t o  t he  Lewis River val ley.  During ponding, 
lava continued t o  flaw i n t o  t he  pond beneath t h e  crust  under hydrosta t ic  
pressure from t h e  l ava  tube ( s imi la r  t o  t he  way i n  which lava  tubes and 
collapsed. lava ponds formed i n  cen t ra l  Oregon ( ~ r e e l e y  , 1 9 7 1 ~ )  ) . Release 
of the Slow i n t o  t h e  val ley re l ieved t he  pressure;  as the  lava drained 
fro% beneath t he  dome c rus t  the  s t ruc ture  collapsed t o  form a c r a t e r .  A 
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la rge  pressure r idge transverse t o  flow direct ion i s  near t he  south. end 
of t he  flow ( ~ i g .  6 ) .  This s t r uc tu r e ,  about 450 m long, 35 m wide, and 
as high as 4 m ,  i s  believed t o  have formed as a r e s u l t  of downslope 
movement and subsequent buckling of the  lava pond crust  p r i o r  t o ,  o r  
during, drainage. Some of t he  domes ( ~ i g .  34) and collapse c ra te r s  have 
small (up t o  4 m wide) lava tubes leading downslope away from the  rim, 
These probably developed during collapse when pa r t s  of t h e  r i m  ruptured 
and molten lava flowed on t he  surface.  
Numerous pressure ridges occur on t h e  Cave Basalt.  Although a 
rigorous analysis  of t h e  s i z e ,  locat ion,  and or ienta t ion of pressure 
r idges was not made, the re  i s  no apparent re la t ionsh ip  of t h e  pressure 
r idges t o  t h e  tubes. 
SUMMARY AND CONCLUSIONS 
The Cave Basal t ,  a high alumina pahoehoe flow, or iginated a t  the  
southwest f lank of Mount S t .  Helens and flowed south about 11 km i n  a s t r e m  
val ley incised i n  pyroclas t ic  flow deposits of l a t e  Quaternary age, Two 
charcoal samples (from d i f fe ren t  l o c a l i t i e s  within t h e  flow) y i e ld  radio- 
carbon age dates of 1860 * 250 and 1925 * 95 years B.P. The Slow con"c5ns 
s e t s  of lava tubes extending nearly t he  e n t i r e  length of t h e  f low, Most o f  
t he  tubes apparently formed between shear planes t ha t  developed. w i t h i n .  
laminar flow of t h e  molten lava ,  s imi la r  t o  t h e  mode of formation 
described by O l l i e r  and Brown (1965). Where the  flow gradient increased,  
however, t he  act ive  flow probably became tu rbu len t ,  destroying t h e  Itmi-- 
nar flow and shear planes,  and forming the  tube roof by accretion of  
spa t te red  lava on l a t e r a l  levees (e .  g. , L i t t l e  Red River Cave, upper. 
sec t ion)  a s  observed i n  ac t ive  lava flows. Lava tubes and channels of  
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the Cave Basalt have been modified by subsequent surges of lava. Lack of 
erosional  surfaces within t he  Cave Basalt indicates  t h a t  the  subsequent 
swges  o r  eruptive phases were a l l  pa r t  of the  same eruptive event. Tube 
md i f i ca t i ons  include part ial ,  tube f i l l i n g  (Fig.  21) ,  addit ion of upper 
tubes to form multiple l eve l s  and ve r t i c a l l y  elongate cross sections 
(~ig. 221, and tube enlargement by erosion from subsequent surges of lava.  
Lava flows and tubes a r e  controlled t o  some degree by preflow topog- 
raphy a d  are  usually s i t ua t ed  i n  topographic depressions. Lava tubes 
represent the  zone of highest  flow veloci ty  within t he  overa l l  flow body, 
malogous t o  a hydrologic thalweg; as such, t he  axis of t he  tube may 
migrate in a sinuous pa t te rn  within act ive  flows. Some sections of t h e  
Cave Basalt tubes ,  however, appear t o  occupy t he  bed of a former stream, 
indicated by exposures of country rock where s ides  of t he  tube have col- 
lapsed,  These exposures a l so  reveal  t h a t  lava flows a re  capable of erod- 
i n g  preflow surfaces,  shown by undercut sections of country rock (Figs.  1 9 ,  
20) a d  country rock inclusions i n  the  ba sa l t .  
Several surface features  of basa l t  flows form i n  associat ion with 
lava tubes. A topographic r idge often occurs along t he  lava tube ax i s ,  
apparently as a r e s u l t  of i n f l a t i on  of t he  tube and accretion of lava 
laterally along t he  tubes,  I n  some places,  pressure within t h e  tube was 
su f f i c i en t  t o  deform the  ce i l i ng  i n t o  cupolas, or t o  deform t h e  roof i n t o  
small surface domes. Occasionally, the  roof ruptured, s p i l l i n g  small lava 
flows onto t he  surface.  Many domes collapsed t o  form raised-rim c ra te r s .  
Collapse c ra te r s  near t he  terminus of Ole's Cave may have developed by 
collapse of hydrosta t ical ly  i n f l a t e d  domes over lava tubes during a tem- 
ng of t he  lava flow. .Althou(gh many pressure r idges occur on 
t h e  f l o w  surface ,  the re  i s  no apparent re la t ionship  t o  t he  lava tubes. 
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TABLE 2. CHEMICAL ANALYSES AND MOLECULAR NORMS 
Chemical Analyses (Weight Percent ) 
Sample 1 2 3 4 5 6 7 8 9 I(? 
Sio2 50.13 50.28 49.59 62.46 54-09 49.22 50.15 63.16 54,10 49-3 
T i 0 2  1.65 1.46 1.60 0.92 1 .51 1.78 1.02 0.54 ~ 3 1  1-6 
A 1 2 0 3  16.73 17.19 17.47 16.82 16.73 17.98 17.81 18.22 J T , ~ T  15-6 
Fe20 3 2.53 1.72 3.32 1.40 2.84 6.16 1.16 1.36 3,k8 3.5 
FeO 7.94 8.48 7.46 4.28 6.29 3.37 8.82 3.33 5.49 7-8 
c a0 9.42 9.72 9.69 5.16 7.76 7.64 10.13 5.24 1.92 10.3 
MgO 7.10 6.98 6.62 2.12 5.39 7.18 6.96 2.30 4,3Q 6,s 
 no 0.15 0.14 0.15 0.08 0.13 0.15 0.18 - - 0.15 0-2 
Na20 3.31 3.38 3.40 4.72 3.92 3.45 3.28 4,06 3,151  2.1 
K 2 0  0.49 0.50 0.52 1.52 1.06 1.14 0.41 1.16 s e l l  0 , s  
H ~ O +  0.82 0.56 0.27 0.60 0.59 0.67 - - 0.40 0,86 1-8 
H20' 0.33 0.19 0.13 0.40 0.22 1.00 0.08 0.10 - "- 
P2° 5 0.24 0.21 0.16 0.24 0.32 0.38 0.15 0.14 0-28 C - 3  
T o t a l  100.84 100.81 100.38 100.72 100.85 100.12 100.15 100.01 100.00 99-9 
Molecular Norms 
Q -- -- -- 13.05 2.58 -- 5 a 7 
C 0 -- -- 0.43 -- -- -- - "- 
O r  2.91 2.95 3.06 9.01 6.26 6.81 6.7 
Ab 29.80 30.25 30.32 42.51 35.19 31.30 30-9 
An 29.43 30.16 29.61 20.28 24.92 30.52 27-2 
wo 6.35 6.62 - - 1.53 4.60 1.19 4.2 
En 13.83 9.98 16.70 5.88 14.88 20.27 10-9  
Fs 5.98 5.24 4.53 4.52 5.87 -- 5*3 
Fo 4.38 6.93 7.41 - - - - 0.79 - "- 
Fa 1.89 3.64 2.01 -- - - - - - - 
14 t 2.66 1.80 3.45 1.47 2.97 4.51 5.1 
Km -- -- -- -- -- 1.34 -- 
I1 2.31 2.03 2.22 1.29 2.11 2.51 2 , k  
AE 0.51 0.44 0.34 0.51 0.67 0.81 0,7 
Total  100.01 100.01 100.01 100.01 100.01 100.01 99,1 
2 Cave Basalt ,  Lewis River, NW1/4 ,SW1/4, Sec. 25 ,T7N ,R5E, t h i s  study. 
3 Undivided lava of Mount S t .  Helens, K a l a m a  River, S W L / ~  ,NW1/4, Sec , 33 ,T~X ,R~E, 
t h i s  study . 
4 Undivided lava of Mount S t .  Helens , S w i f t  Creek, ~ 1 / 4  , ~ ~ 1 / 4 ,  Sec . 25 ,TON ,R~E, 
t h i s  study. 
5 Undivided Lava of Mount S t .  Helens, Swift Creek, ~ ~ 1 / 4  ,NW1/4, see .  32 , T ~ N , R ~ E ,  
t h i s  study. 
6 Basalt of Marble Mtn. , S w i f t  Creek; NE1/4 ,NE1/4, S ~ C . ~ ~ , T T N , R ~ E ,  t h i s study, 
7 Olivine basalt (cave 3asalt ) ,pahoehoe flow ,Lewis River; Verhoogen (1937 9p. 293 3 .  
8 Pyroxene andesi te  , summit, Mount S t .  Helens ; Verhoogen (1937 ,P. 293)- 
9 Average andesi te  , Nockolds (1954, p. 1019 ) . 
10  Average P ic tu re  Gorge Basalt ; Waters (1961, p. 595). 
Page 30 
Gjreeley 6 Hyde 
FIGURE LEGENDS 
Fig .  1, Location map; "study area" o u t l i n e s  a rea  covered i n  Figure 
S t r a i g h t - l i n e  d i s t ance  from Port land t o  s tudy a rea  i s  about 
F i g ,  2, Geological map of  t h e  s tudy area .  
Fig, 5 -  A l k a l i - s i l i c a  diagram f o r  rocks on t h e  south s i d e  of 
l4oun"B:t. t. Helens, Washington. 
P ig .  4, Oblique a e r i a l  overview of t h e  Cave Basal t ;  Mount S t .  Helens 
i n  background; sp i l lway of Swift  Reservoir i n  foreground. 
Fig. !>, Longitudinal p r o f i l e  of t h e  Mount S t ,  Helens l ava  tube system. 
F i g ,  6, Topographic map of t h e  Cave Basal t .  
F i g ,  7, Diagram of  Spider Cave, p lan  view. 
F i g .  8, Cross sec t ion  and p lan  view of  Flow Cave. 
- - bag, 9 ,  Diagram of Prince Albert  Cave, p l an  view. 
F i g ,  10, Diagram of Bat Cave, p lan  view (from Hall iday,  1963a). 
P:g, LB, Cross s e c t i o n  and p lan  view of  Beaver Cave. 
Fig, I?,  Cross s e c t i o n  and p lan  view of Barney's Cave. 
F i g ,  i " ,  Diagrams i l l u s t r a t i n g  lava  tube formation associa ted  with 
shear planes developed i n  laminar lava  flow. Each s t a g e  is  shown 
i n  longi tudinal  p r o f i l e  ( p a r a l l e l  t o  flow a x i s ,  t op  diagram) and 
i n  t r ansve r se  c ross  s e c t i o n  (normal t o  ax i s ,  lower diagram). 
Fig, 14, Transverse c ross  sec t ions ,  Mount S t .  Helens lava tube system, 
showing r e l a t i o n s  of lava  tube  t o  lava  flow and preflow country 
rock ,  I n  these  sec t ions ,  t h e  lava  tube  i s  interpreted t o  occupy a 
fol-mer stream channel. 
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Fig.  15. Sect ion i n  Ape Cave; p lan  view showing t h e  probable source 
of fused c l ay  mater ia l  and s i t e  of p h r e a t i c  explosion.  
Fig. 16. Wall s ec t ion  of Lake Cave a few hundred meters from t h e  
entrance.  Lining (about 20 ern th i ck )  ruptured and s l i d  t o  t h e  
f l o o r ;  molten lava  behind t h e  l i n i n g  s p i l l e d  over t h e  l i n i n g  and i n t o  
t h e  tube i n t e r i o r .  
Fig. 17. Deformed g las sy  wall g laze  on lava tube l i n i n g  near  s t a t i o n  4 ,  
L i t t l e  Red River Cave. Deformation i n d i c a t e s  flowage of  t h e  l i n i n g  
before  it had completely s o l i d i f i e d .  
Fig. 18. Lava tube i n t e r i o r  near  main entrance t o  Ape Cave showing 
complex c ross  sec t ion ,  l a t e r a l  g u t t e r s ,  and mul t ip le  flow l i n e s  
represent ing  successive s t ages  of drainage.  Figure on f l o o r  i n d i c a t e s  
s c a l e .  
Fig.  19. Near s t a t i o n  11, Ape Cave, i l l u s t r a t i n g  eros ion  of t h e  unconsoli- 
dated p y r o c l a s t i c  flow depos i t  (country rock) by the - l ava  flow, indicated 
by t h e  overhang-undercut r e l a t i o n  of lava  and country rock. Eirling h e r e  
i s  r e l a t i v e l y  t h i n  ( l e s s  than 30 cm separa t ing  t h e  tube i n t e r i o r  and 
t h e  country rock).  
Fig.  20. Near s t a t i o n  1, L i t t l e  Red River Cave; contac t  ("A") o f  lava on 
r i g h t  s i d e  and country rock on l e f t  s i d e ,  i nd ica t ing  undercutt ing and 
eros ion  by t h e  l ava  flow. Dark band along contac t  i s  baked zone about 
20 cm wide. The "B" marks uncollapsed cont inuat ion  of t h e  tube;  =row 
a t  bottom of  p i c t u r e  marks a hardhat f o r  s c a l e .  
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Fig, 21. Spider Cave in which a subsequent floor flow of aa has partially 
filled the tube interior. Photograph courtesy of C. Larson. 
Fig, 2 2 .  Transverse cross sections of lava tubes showing "cutbank" config- 
urations and multiple level development. Stippled area represents lava 
containing the tube; A, Lake Cave station 15, up-tube view; B, Lake Cave 
station 24, up-tube view; C, Lake Cave station 39, down-tube view; D, 
L i t t l e  Red River Cave station 28, down-tube view; E, Little Red River 
Cave station 47, down-tube view; F, Ape Cave station 26, up-tube view; 
6, Ape Gave station 32, up-tube view; H, Ape Cave station 37, up-tube 
view; I, Ape Cave station 1, down-tube view; J, Ape Cave station 48, 
up-tube view. 
Fig, 23, Floor flow illustrating development of prominent levees along 
a deep, sinuous channel. Photo by W. Halliday. 
" ~ g  2a Tube-in-tube structure, south of Entrance 2, Ole's Cave. 
Foxmatian of small lava tubes and channels in floor flows is relatively 
sonxman in lava tubes. 
fig, '25. Station 20 in Ape Cave. Unusual lava tube formation in which a 
ba;: of lava wedged between and fused to the tube walls during drainage 
of L ~ a l t e n  material from the tube. 
Fxg. 26, "George Washington's Face" (Halliday, 1963a, p. 103) near station 39, 
Ol13's Cave. Structure resulted from accretion of lava on the tube wall. 
Fig, 2 7 ,  Tube wall near station 2, Little Red River Cave, illustrating 
extremely thin (less than 2 cm) wall separating tube from country rock; 
tube waA1 collapsed during the final stages of drainage and exposed 
count ry  rock. Glove indicates scale. 
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Fig. 28.  Lava s t a l a c t i t e .  Photo by W. Hal l iday.  
Fig. 29. Lava s ta lagmites ,  some exceeding 40 cm i n  he ight ,  i n  Bat Cave, 
Photo courtesy of C.  Larson. 
Fig.  30. Sect ion of f l o o r  i n  Spider Cave. A f l o o r  flow apparently was 
moving downtube while molten lava dripped from a s i n g l e  source on t h e  
c e i l i n g ,  forming a chain of g l a s sy  blobs (A); ces sa t ion  of flow 
permit ted a small lava  s ta lagmite  t o  a c c r e t e  (B). Photo courtesy of 
C .  Larson. 
Fig. 31. Ribbon s t a l a c t i t e  near  s t a t i o n  2 , L i t t l e  Red River Cave, formed 
by a t h i n  shee t  of lava t h a t  drained from behind a ruptured p a r t  of 
t h e  tube l i n i n g .  
Fig. 3 2 .  Diagram of p a r t  of Lake Cave,showing associa ted  domes, col lapsed 
domes, and co l l apse  c r a t e r s .  
Fig. 33. One of  two co l l apse  c r a t e r s  a t  d i s t a l  end of Ole ' s  Cave. The 
c r a t e r ,  about 41 m i n  diameter,  apparently r e s u l t e d  from col lapse  sf a 
l ava  dome formed i n  a s soc ia t ion  with t h e  l a v a  tube.  
Fig.  34.  Lava dome near  t h e  terminus of  t h e  Cave Basal t .  Several domes 
s i m i l a r  t o  t h i s  occur cn t h e  flow; some appear t o  be associa ted  
with lava tubes,  p a r t i c u l a r l y  Lake Cave. The dome i s  about 50 :m 
i n  diameter (powerline i n  foreground). 

GEOLOGICAL MAP OF SWIFT CREEK &RE& 
MOUNT ST HELENS. WASHINGTON 
R GIuOIOY md 1 Hrdo. 1911 
F i g .  2 .  Geological map of the study area. 
Undivided Mt. St. Helens lava, sample 4 
D Undivided Mt. St. Helens lava, sample 5 
A Marble Mt. Basalt, sample 6 
D Olivine basalt(Cave Basalt), sample 7 
LS broxene andesite, summit, Mt. St. Helens, sample 8 
A Average andesite, sample 9 
0 Average Picture Gorge Basalt, sample 10 
Fig. 3. Alkali-silica diagram for rocks on the south side of Mount St. Melens, 
Washington. 
F i g ,  4 ,  Oblique a e r i a  t S t .  Helens i n  back- 
round. 

Fig. 6. Topographic map of the Cave Basalt. 
C 
SPIDER CAVE 
W 112, NW 114, SW 114. SEC. 32 
R. 5 S., T. 8 N., ELEV. 2840' 
SKAMANlA COUNTY, WASHINGTON 
From survey by D. Packard, 
L. Mills and J. Hilton 
0 15 
, , 3P Meters 
@ Ceiling height in meters 
Fig.  7 .  Diagram of Spider  Cave, p l a n  view. 
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F i g  :. 13. Diagrams illustrating lava tube formal ion assocj atecl wil-11 s!-icrr 171 
developed in laminar lava flow. Each stage is shown in longi-tudi~?:~? i ~ o o i  
(parallel to flow axis, top diagram) and in transverse cross secoiiiii (llor 
to axis, lower diagram). 
East 
I 
Lake Cave, Section DD' 
? 5 '? ' 5  2? 2 5 M e t e r s  
No vertical exaggeration 
Fig, 14. Transverse c ross  s e c t i o n s ,  Mount S t .  Melens l a v a  tube  system, showing 
r e l a t i o n s  o f  l a v a  tube t o  l ava  flow and preflow country rock. In  t h e s e  
sections, t h e  l a v a  tube i s  i n t e r p r e t e d  t o  occupy a  former s t ream channel.  

Fig, 36, Wall section of Lake Cave a few hundred meters from the entrance 
Lining (about 20 cm thick) ruptured and slid to the floor; molten lava 
behind the lining spilled over the lining and into the tube interior. 
Fig. 1:. Deformed glassy wall glaze on lava tube lining near station 4, 
Little Red River Cave. Deformation indicates flowage of the lining 
before it had completely solidified. 
Fig.  18. Lava tube  i n t e r i o r  near  main en t rance  t o  Ape Cave showing complex 
c ros s  s e c t i o n ,  l a t e r a l  g u t t e r s ,  and mul t ip l e  flow l i n e s  r ep re sen t ing  
succes s ive  s t a g e s  o f  drainage.  Figure on f l o o r  i n d i c a t e s  scale, 
Fig.  1 
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Fig ,  20,, Near s t a t i o n  1, L i t t l e  Red River  Cave; con tac t  ( t tA")  o f  l a v a  on 
r i g h t  s i d e  and country rock on l e f t  s i d e ,  i n d i c a t i n g  undercut t ing  and 
erosion by the  l ava  flow. Dark band along contac t  i s  baked zone about 
20 cm wide. The "Bs' marks uncol lapsed cont inua t ion  o f  t h e  tube;  arrow 
a t  bottom o f  p i c t u r e  marks a hardhat  f o r  s c a l e .  
Fig. 2 1 ,  S p i d e r  Cave i n  which a subsequent f l o o r  flow of aa has p a r t i a l l y  
iilled t h e  t ube  i n t e r i o r ,  Photograph cour tesy  of C .  Larson, 
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Fig. 2 3 ,  Floor flow illustrating development of prominent levees along a deep, 
sinuous channel. Photo by W. Halliday, 
Fig. 24. Tube-in-tube structure, south of Entrance 2, 01e9s Cave. Formation 
of small lava tubes and charnels in floor. flows is relatively common i n  
l a v a  t u b e s ,  
Fig. 25 
of  1 
molt 
. S t a t i o n  20 i n  Ape Cave. Unusual lava  tube  formation i n  whi 
ava wedged between and fused t o  t h e  tube walls during drainage 
en m a t e r i a l  from t h e  tube .  
Fig.  26. 
Ole ' s  
"George Washington's Face" (i-lailiday, 1963a, p .  103) near  st 
; Cave. S t r u c t u r e  r e s u l t e d  from accre t ion  o f  lava  on t h e  tube 
Fig. 2 7 ,  Tube wall  e r  Cave, i l l u s t r  
extremely t h i n  ( l e s s  than 2 cm) wall  s epa ra t ing  tube from country 
rock; tube  wall  co l lapsed  during t h e  f i l i a l  s t a g e s  of drainage and 
exposed country rock.  Glove i n d i c a t e s  s c a l e .  
F i g .  28. Lava stalactite. Photo by W .  f l a l l iday  
Fig 
Fig. 30. Section of floor in Spider Cave. A floor flow apparei l t ly  w'as 
moving downtube while molten lava dripped from a single soulcp on the 
ceiling, forming a chain of glassy blobs  [A); cessation of flow 
permitted a small lava stalagmite to accrete (B). Photo courtesy 
of C. Larson. 
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F i g ,  3 3 .  One of two co l l apse  c r a t e r s  a t  d i s t a l  end of O l e ' s  Cave. The 
c r a t e r ,  about 41 meters i n  diameter ,  apparent ly  r e s u l t e d  from c o l l a p s e  
of a lava dome formed i n  a s s o c i a t i o n  with t h e  lava  tube .  
Fik, 34. Lava dome near  t h e  terminus of t h e  Cave Basa l t .  Several  domes 
s i r - i l a r  t o  t h i s  occur 011 t h e  flow; some appear t o  be a s soc i a t ed  with 
lava tubes ,  p a r t i c u l a r l y  Lake Cave. The dome i s  about 50 meters  i n  
diameter (powerline i n  foreground) . 
